Competency for DNA replication is functionally coupled to the activation of histone gene expression at the onset of S phase to form chromatin. Human histone nuclear factor P (HiNF-P; gene symbol HINFP) bound to its cyclin E/cyclin-dependent kinase 2 (CDK2) responsive coactivator p220 NPAT is a key regulator of multiple human histone H4 genes that encode a major subunit of the nucleosome. Induction of the histone H4 transcription factor (HINFP)/p220 NPAT coactivation complex occurs in parallel with the CDK-dependent release of pRB from E2F at the restriction point. Here, we show that the downstream CDK-dependent cell cycle effector HINFP is genetically required and, in contrast to the CDK2/cyclin E complex, cannot be compensated. We constructed a mouse Hinfp-null mutation and found that heterozygous Hinfp mice survive, indicating that 1 allele suffices for embryogenesis. Homozygous loss-of-function causes embryonic lethality: No homozygous Hinfp-null mice are obtained at or beyond embryonic day (E) 6.5. In blastocyst cultures, Hinfp-null embryos exhibit a delay in hatching, abnormal growth, and loss of histone H4 gene expression. Our data indicate that the CDK2/cyclin E/p220 NPAT / HINFP/histone gene signaling pathway at the G1/S phase transition is an essential, nonredundant cell cycle regulatory mechanism that is established early in embryogenesis.
T
he cell cycle controlled activation of histone gene expression at the onset of S phase is essential for chromatin packaging of nascent DNA. Histones are highly conserved proteins (H1, H2A, H2B, H3, and H4) that form chromatin and carry epigenetic marks that control gene transcription (1, 2) . Expression of histone genes in mammalian cells is both temporally and functionally coupled with DNA replication (1, (3) (4) (5) (6) (7) and provides a paradigm for understanding gene regulatory signaling mechanisms operative at the G1/S transition. Stringent cell cycle control of histone gene expression is evident in all somatic cell types examined and is already firmly programmed in human embryonic stem cells (8) (9) (10) . Regulation of histone gene expression occurs at multiple levels including transcription, pre-mRNA processing and mRNA stability. However, cell cycle dependent modulation of histone gene transcription is a key rate-limiting step in the induction of histone protein synthesis.
The human histone gene transcription factor HINFP is the final and essential link in the cyclin E/CDK2/p220 NPAT /HINFP pathway that is required for cell cycle-dependent activation of histone H4 genes at the G1/S phase transition (11) (12) (13) . This pathway is activated at the restriction point (R-point) by cyclin E/CDK2, in parallel with the E2F/pRB pathway that controls transcription of genes involved in nucleotide metabolism and DNA synthesis (14) . Histone H4 gene transcription is stimulated at the G1/S phase transition via a critical multipartite promoter element, Site II (15) (16) (17) . HINFP interacts with Site II and integrates signals emanating from the cyclin E/CDK2 kinase cascade (11-13, 15, 18) . HINFP recruits p220 NPAT to multiple human histone H4 genes in the human diploid genome (13) . p220
NPAT is a cyclin E/CDK2 substrate (19) (20) (21) that functions as the primary coactivator of HINFP activity to mediate cell cycle responsiveness of histone H4 gene transcription (12) . p220 NPAT simultaneously interacts with multiple tandemly repeated genes encoding other core histone proteins (e.g., H2A, H2B, and H3) (20) (21) (22) . The interaction of p220
NPAT with HINFP stabilizes the resulting complex (12, 23) , whereas HINFP can also bind other factors with functions in cell signaling, transcription, or RNA processing (24) (25) (26) . HINFP together with p220
NPAT supports the assembly of the histone gene expression machinery at histone locus bodies, specific subnuclear domains that are associated with human histone gene clusters (10, 12, 27) . Although other cell cycle-regulated and CDK-dependent signaling pathways contribute to histone gene regulation (e.g., cyclin A/CDK1/pRB/ CDP-cut and IRF proteins) (28 -31) , the cyclin E/CDK2/ p220 NPAT / HINFP pathway is clearly the key regulator of histone H4 gene expression in cultured cells. The histone H4 gene-related transcriptional pathways that have been identified function independently from pathways involving transcription factor E2F. Hence, HINFP-dependent regulatory events reflect a fundamental cell cycle regulatory mechanism.
Recent studies on HINFP and histone gene regulation using cell culture models have defined molecular pathways and subnuclear parameters operative in control of histone gene expression in normal diploid somatic cells, cancer cells, or human embryonic stem cells (9, 10, 27, 32) . However, defining biological relevance requires establishing developmental control of mammalian histone gene expression in vivo. Therefore, we have constructed a gene knockout of the mouse Hinfp gene and show that loss of Hinfp function causes early embryonic lethality. Our data indicate that, in contrast to cyclin-dependent kinases that can be compensated, HINFP is a nonredundant CDK2 dependent effector during early embryogenesis.
Results
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replacing the initial Hinfp-coding sequences with the ␤-galactosidase (LacZ) marker gene through homologous recombination to yield the Hinfp LacZ -null allele (Fig. 1A) . Southern blot analysis revealed that proper gene targeting was achieved via homologous recombination (Fig. 1B) . Using immunoblot analysis and ␤-galactosidase staining, we confirmed that ␤-galactosidase is placed under transcriptional control of the endogenous Hinfp promoter in targeted embryonic stem cells ( Fig. 1 C and  D) . After blastocyst injection, the resulting mouse chimeras exhibited germ-line transmission of the targeted allele. Mouse embryonic fibroblasts (MEFs) from offspring of wild-type female and heterozygous male Hinfp LacZ/ϩ mice were examined for LacZ and Hinfp gene expression (Fig. 1E) The Hinfp gene is actively expressed throughout murine development. Hinfp LacZ/ϩ embryos show strong and ubiquitous ␤-galactosidase staining at E9.5 or E6.5 ( Fig. 2 A and B) . Genotyping of litters obtained from crosses between heterozygous Hinfp LacZ/ϩ mice revealed that there are no live births of homozygous Hinfp LacZ/LacZ mice (Fig. 2) . Hinfp LacZ/LacZ -null embryos are also not observed at earlier stages of fetal development, including E12.5-E14.5, E9.5, and E6.5, concurrent with an increased incidence of resorbed embryos. However, Hinfp LacZ/LacZ -null blastocysts were recovered at E3.5 in ratios expected from Mendelian inheritance (Fig. 2D) . Thus, the Hinfp LacZ -null mutation induces embryonic lethality between E3.5 and E6.5.
Zygotic expression of histone genes occurs after the 4-to 8-cell stage when maternal storage pools of histone mRNAs have been degraded (33) . Because HINFP controls expression of multiple histone H4 genes in cultured cells (13, 34) , we assessed whether the Hinfp gene is transcriptionally active in blastocysts. Clear ␤-galactosidase staining was only observed in Hinfp LacZ/ϩ embryos ( Fig. 3A) , indicating that Hinfp is already expressed at the blastocyst stage. Recovery of homozygous Hinfp LacZ/LacZ -null blastocysts (E3.5) ( Fig. 2 C and D) indicates that zygotic Hinfp gene expression is dispensable for the earliest stages of embryogenesis.
To assess whether deletion of Hinfp causes early cell growth abnormalities, we harvested blastocysts with Hinfp ϩ/ϩ , Hinfp LacZ/ϩ , and Hinfp LacZ/LacZ genotypes and cultured the embryos in vitro (Fig. 3 B and C) . Wild-type and heterozygous embryos hatched from the zona pellucida at day 2 in culture and attached to the tissue culture plate. The embryos showed the typical morphology of cultured attached blastocysts: The trophectoderm expanded over the surface of the plate, whereas the inner cell mass formed an outgrowth at the center of the trophectoderm growth (Fig. 3C ). In contrast, homozygous Hinfp LacZ/LacZnull embryos exhibited delayed hatching (ϳday 3) and failed to expand (i.e., Ϸ1-to 1.5-day delay in development) (Fig. 3C ). These results indicate that Hinfp function is essential for early embryonic development.
The molecular consequences of Hinfp deficiency were investigated by analyzing the expression of histone H4 genes, the principal gene regulatory targets of HINFP protein. Our analysis includes the Hist2h4 gene, which is the mouse equivalent of the human HIST2H4 gene (previously referred to as H4/n or pFO108) that provided the model for identification of the key role of HINFP protein in controlling human histone H4 gene expression (13, 35) . In blastocysts, expression of Hinfp and the LacZ marker is directly linked to the number of wild-type or Hinfp LacZ -null alleles (Fig. 4A ). Wild-type mouse blastocysts cultured ex vivo express multiple histone H4 genes with expression of 3 representative genes (i.e., Hist1h4d, Hist1h4f, and Restriction enzyme maps of the Hinfp locus located on mouse chromosome 9 (Top), the targeting vector (Middle), and the recombined locus that generates a Hinfp LacZ/ϩ -null mutation (Bottom). The following restriction enzyme sites are indicated: BspHI, B; AatII, A; SacII, S; EcoRV, E; SmaI, Sm; NotI, N; SalI, Sa; and XhoI, X. For the targeting vector, a 2.5-kb 5Ј fragment (left arm) ending at and excluding the ATG of the Hinfp locus, was inserted at the AatII and SacII sites. The left arm is followed by a 3.4-kb Smal-NotI fragment spanning ␤-gal-coding sequences containing a Kozak consensus sequence and ATG (inserted between EcoRV and NotI), and a 2.0-kb NotI-NotI fragment spanning a floxed neomycin gene cassette [LoxP-PGK-Neo-LoxP; black triangles are Lox P sites flanking the neomycin phosphotransferase (Neo) gene driven by the phosphoglycerate kinase promoter (PGK)] (inserted at a NotI site). The right arm is a 5.5-kb NotI-SalI 3Ј fragment (inserted into NotI-SalI sites) that is followed by a 2.2-kb SalI-XhoI fragment containing a cassette with the PGK promoter driving the thymidine kinase (TK) gene that was inserted into SalI sites of the targeting vector. Arrow heads indicate the direction of transcription for the LacZ and Neo genes. Lines with double arrowheads in the maps for the wild-type and targeted alleles represent restriction enzyme fragments used for validation of homologous recombination by Southern blot analysis by using the indicated hybridization probes (short thick lines). (B) Southern blot analysis of mouse ES cell clones (AB1, wild type; G11, a representative recombined mES clone) that were digested with BspHI and hybridized to 2 external probes (5Ј probe and 3Ј probe) and 2 internal probes (␤-gal and Neo) that are all indicated at the top of each autoradiogram. DNA from Hinfp LacZ/ϩ clones hybridized to the 5Ј and 3Ј probes will each give rise to a 18.2-kb signal for the wild-type allele. The targeted allele will generate either 10.3-kb (5Ј probe) or 8.3-kb (3Ј probe) signals. Unique integration and recombination was further confirmed with 2 internal probes spanning the ␤-galactosidase and neomycin cassettes. As expected, hybridization of Hinfp LacZ/ϩ clones with either the 760-bp ␤-gal probe or the 557-bp Neo probe yields only the 10.3-kb mutant signal and no signal for the wild-type fragment, whereas hybridization with a 542-bp 3Ј probe yields a 18.2-kb wild-type signal and the 8. Hist2h4) being more prominent than that of others (Fig. 4B) .
Ex vivo cultures of heterozygous Hinfp
LacZ/ϩ blastocysts express this same set of histone H4 genes at levels comparable to wild type (Fig. 4C) . In contrast, homozygous Hinfp LacZ/LacZ -null embryos cultured ex vivo exhibit a dramatic reduction (Ͼ10-fold) in the expression of multiple distinct histone H4 gene copies. These data indicate that HINFP is the master regulator of mammalian histone H4 genes in vivo. Moreover, the results indicates that loss of Hinfp and reduced expression of histone H4 genes results in a cell growth phenotype and induces embryonic lethality at the peri-implantation stage of embryonic development.
Discussion
HINFP is a ubiquitous regulator of histone H4 gene expression in all proliferating cell types examined to date, and the protein is down-regulated in post-proliferative differentiated cells (11, 13, 15, 36) . HINFP transduces cyclin E/CDK2 signals into transcriptional responses through interactions with its obligatory coactivator p220
NPAT (12, 19-21, 37, 38) . Cyclin E/CDK2-dependent mechanisms are frequently deregulated in a broad spectrum of cancers (39, 40) , and thus a subset of the resulting pathological consequences may be mediated through modifications in the activity of HINFP. To understand how HINFP may control cell cycle progression during normal development, we have constructed a knockout of the mouse Hinfp gene. Our results show that HINFP is essential for histone H4 gene expression in vivo and for embryonic survival beyond the blastocyst stage.
Mouse embryos implant at E4.5, but Hinfp-null embryos are resorbed before E6.5. This finding indicates that HINFP is rate-limiting for fetal development around and beyond the blastocyst stage, perhaps because alterations in the rate of cell proliferation may change how cells, tissues and morphogens interact at successive developmental stages. Hinfp-null blastocysts are delayed in hatching and exhibit severely reduced expression of histone H4 genes. Thus, consistent with cell culture studies, absence of HINFP is directly related to a molecular defect in histone H4 gene expression. Lack of histone H4 protein biosynthesis is predicted to prevent deposition of histone octamers onto newly replicated DNA. The absence of nucleosomes may cause DNA replication defects during S phase, chromosomal segregation defects during mitosis, and/or epigenetic alterations in progeny cells.
Zygotic expression of histone genes is first detected at the 4-8 cell stage (33) . However, HINFP function appears to be dispensible for the early cleavage stages of embryogenesis, perhaps because of the presence of maternal mRNA pools for HINFP or histone H4. Alternatively, HINFP independent (and perhaps less efficient) transcriptional mechanisms may compensate until the blastocyst stage.
The human HINFP gene is located together with the gene for its coactivator p220
NPAT in the chromosomal interval 11q22-q23. Genes within this genomic region, which encompasses fragile sites and putative tumor suppressor genes, are frequently deleted and/or amplified in many different types of cancer (41, 42) . Homozygous null mutations of both Hinfp (this work) and p220 NPAT (43) cause embryonic lethality in mice, suggesting that there should be positive selection for cells that retain at least 1 of each allele during tumorigenesis. Because human 11q22-q23 contains putative tumor suppressors, the requirement to retain wild-type HINFP and p220
NPAT alleles may oppose the growth advantage of homozygous deletions within this highly recombinogenic interval. Thus, the spectrum of permissible genetic alterations in 11q22-q23 in cancer cells is limited by the genetic necessity of the human HINFP gene for efficient cell proliferation.
Deregulation of cyclin E/CDK2 activity contributes to the molecular etiology of cancer. However, loss-of-function muta- Fig. 3 . Homozygous Hinfp-null blastocysts exhibit growth defects. Blastocysts (numbered 1-7) were flushed at E3.5 from wild-type females crossed with Hinfp LacZ/ϩ males and directly stained for ␤-galactosidase. (A) Staining results show that ␤-gal expression, driven by the native Hinfp gene promoter, occurs in blastocysts. (B) Blastocysts shown in A were genotyped by PCR as visualized by ethidium bromide staining of PCR products (using Pr1, Pr2, and Pr3 primers indicated in Fig. 1 A) . Genotypes are indicated at the bottom of the gel. The last 3 lanes show DNA from heterozygous G11 Hinfp LacZ/ϩ (ϩ/Ϫ) and wild-type AB1 Hinfp ϩ/ϩ (ϩ/ϩ) ES cells or distilled water as PCR controls. (C) Blastocysts isolated from heterozygous crosses (E3.5) reveal that Hinfp-null embryos exhibit a delay in hatching on ex vivo culture. On incubation in outgrowth culture for 96 h (d 4), cultured embryos with at least 1 Hinfp LacZ -null allele (but not wild-type embryos) display ␤-galactosidase staining. Hatching from the zona pellucida by day 2 in culture is observed for wild-type and heterozygous embryos, but homozygous Hinfp LacZ/LacZ -null embryos hatch later (Ϸday 3). Furthermore, the latter embryos do not spread to form an inner cell mass and do not develop normally. Phase contrast micrograph and fluorescence microscopy for DAPI staining are presented to show embryonic morphology. Genotype is shown at right. The expression profile of a representative set of mouse histone H4 genes was determined in wild-type mouse blastocysts (E3.5) that were maintained in ex vivo outgrowth cultures. Each gene transcript level is compared with the Hist1h4a mRNA level that was arbitrarily set as 1. (C) Same as B, but expression of histone H4 was examined as a function of genotype in blastocysts cultured ex vivo. Expression of histone H4 genes is strongly decreased in homozygous HINFP-null embryos compared with outgrowth cultures of wild-type and heterozygous blastocysts. All transcript levels were normalized to GAPDH mRNA and represent the mean Ϯ SD (n ϭ 2). For each histone H4 gene, expression levels were numerically adjusted relative to expression observed in wild-type embryos (arbitrarily set as 1).
tions that ablate cyclin E/CDK2 kinase activity are not embryonic lethal (44) (45) (46) (47) . The HINFP coactivator p220 NPAT was identified as a key substrate of cyclin E/CDK2 and interacts with cyclin E (12, (19) (20) (21) . Thus, both p220 NPAT and HINFP have a shared molecular function in the activation of histone H4 gene expression (12) . The early embryonic lethality of a nontargeted null mutation in p220 NPAT (43) and the genetic demonstration that a defined Hinfp-null mutation also causes early embryonic lethality are consistent with the concept that these proteins are functionally and biochemically linked. The findings that these 2 specific downstream effectors of CDK2/cyclin E kinase are genetically indispensible, whereas CDK2 kinase activity is not, suggest that CDK2 effectors may be more suitable targets for molecular strategies to selectively treat proliferative diseases that include cancer.
Activation of histone H4 gene transcription by HINFP operates independently of the cell cycle regulatory events controlled by the E2F/pRB pathway. Although E2F proteins and retinoblastoma related factors (the pocket proteins pRB, p107, and p130) exhibit considerable genetic redundancy, our findings establish HINFP as a unique and irreplaceable transcription factor that functions as part of a CDK2 responsive gene regulatory mechanism that controls progression beyond the G1/S phase transition.
Materials and Methods
Construction of Mice with a Hinfp LacZ -Null Allele. We targeted the mouse Hinfp locus by homologous recombination over a DNA fragment upstream of the ATG and another spanning intron 9 to intron 11 of the Hinfp gene (see Fig. 1 ). Both DNA fragments were generated from mouse AB2.2 genomic DNA by using PCR primers (Table S1 ) and inserted into a targeting vector containing gene cassettes for LacZ, neomycin, and thymidine kinase (kindly provided by the Transgenic Animal Modeling Core Facility of the University of Massachusetts Medical School). The final targeting construct was subjected to DNA sequencing to confirm absence of random mutations and linearized for electroporation into AB1 (129S5/SvEvBrd) ES cells. Proper homologous recombination of the Hinfp LacZ allele in a representative neomycin resistant clone (G11) was established by Southern blot analysis using restriction sites and probes external to the targeting vector.
Expression of ␤-galactosidase driven by the endogenous Hinfp promoter was confirmed by 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal) staining. Wild-type AB1 ES cells and G11 Hinfp ϩ/LacZ ES cells were fixed in 0.5% glutaraldehyde and stained with a solution containing 1 mg/mL X-gal, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, and 2 mM MgCl 2. LacZ gene expression was also confirmed by western blot analysis with antibodies for ␤-galactosidase (1:2,000 dilution; GenWay Biotech, Inc.) and Cdk2 (1:2,500 dilution; Santa Cruz Biotechnology, Inc.). Proteins were visualized by using a horseradish peroxidase-conjugated secondary antibody (1:8,000 dilution; Santa Cruz Biotechnology, Inc.) and enhanced chemiluminescence (Plus-ECL kit; PerkinElmer Life and Analytical Sciences).
Clone G11 was microinjected into C57BL/6 blastocysts to produce chimeric mice, and germ line transmission of the mutant allele was determined by genotyping of tail DNA from offspring by Southern blot analysis (as described above) and confirmed by PCR using genotyping primers (Table S1 ). Hinfp LacZ/ϩ mice were crossed to generate Hinfp LacZ/LacZ -null mice, and offspring were subjected to genotyping by PCR and Southern blot analysis as described above. Animals were treated in accordance with Institutional Animal Care and Use Committee guidelines.
Characterization of Early Embryos. Blastocysts (E3.5) and implanted embryos (E6.5 and E9.5) from crosses between Hinfp LacZ/ϩ males and wild-type female C57BL/6 mice were harvested in DMEM (Invitrogen-Gibco) plus 10% FBS (FBS), 20 mM Hepes (pH 7.5), and 1ϫ penicillin-streptomycin using a dissecting microscope (Leica MZ16F, Leica Microsystems Inc.). Embryos were examined for expression of the LacZ reporter gene under control of the endogenous Hinfp promoter by using ␤-galactosidase staining and subjected to genotyping as described above.
Blastocysts harvested at E3.5 from heterozygous crosses between Hinfp LacZ/ϩ mice were cultured in M15 media (Dulbecco's MEM, 15% FCS, 100 M ␤-mercaptoethanol, 2 mM glutamine, and 1ϫ penicillin-streptomycin) for up to 96 h. Embryo outgrowths were tested for ␤-galactosidase expression and genotyped retrospectively.
Preparation of Mouse Embryonic Fibroblasts.
Mouse embryonic fibroblasts (MEFs) were isolated from litters harvested at E12.5. Cell suspensions from embryos were prepared by repeated shearing using an 18 gauge needle in 1 mL 0.25% trypsin/1 mM EDTA (Invitrogen-Gibco). Trypsin was inactivated by addition of DMEM (Invitrogen-Gibco) containing 15% FBS and cells were cultured for 24 h to select for adherent cells. MEFs were expanded by passing preconfluent cultures at a 1:5 ratio.
Isolation and Analysis of RNA. Total RNA was isolated from MEFs and cultured blastocysts (E3.5) that were obtained from crosses between Hinfp LacZ/ϩ mice. Purified RNA was reverse transcribed using random hexamer primers and gene expression was assessed by quantitative reverse transcriptase PCR (qRT-PCR) using optimized qRT-PCR primer sets (Table S1 ), except for GAPDH primers (Applied Biosystems). Automated qRT-PCR were performed by using SYBR Green 2ϫ master mixture (Applied Biosciences) and a 2-step cycling protocol (anneal and elongate at 60°C, denature at 94°C). Specificity of primers was verified by dissociation of amplicons by using SYBR Green as a detector. All transcript levels were normalized to GAPDH mRNA. Additional details are described in SI Materials and Methods.
